Introduction {#s1}
============

Pulmonary hypertension (PH) is defined as an increase in mean pulmonary arterial pressure (mPAP) ≥ 25 mm Hg at rest as assessed by right heart catheterization (RHC) \[[@R01]\]. In the latest classification, there are five groups of PH depending on its etiology. The most common cause of PH worldwide is group 2 PH from left heart disease (LHD-PH) \[[@R01]\], and valvular heart disease (VHD) is amongst the leading causes of this type of secondary PH \[[@R02]\].

PH affects virtually all patients with severe symptomatic mitral valve disease and up to 65% of those with symptomatic aortic stenosis \[[@R03]\]. Mitral and aortic valve diseases increase left atrial pressure which, in turn, leads to an initially passive and potentially reversible increase in pulmonary pressures. Vascular injury then triggers a cascade of venous and small artery remodeling, non-reversible arterial PH, and eventually, right ventricular dysfunction \[[@R04]\].

Cardiac surgery in patients with VHD with severe pulmonary arterial hypertension (PAH) is often complicated with right ventricular (RV) failure with an adverse consequence on its prognosis \[[@R05], [@R06]\]. Right ventricle is susceptible to ischemic injury, as cardiopulmonary bypass (CPB) exacerbates PAH \[[@R07]\]. This necessitates perioperative strategy to manage PAH and RV dysfunction. This goal should be achieved without compromising systemic blood pressure and coronary perfusion \[[@R08]\].

In a large study on patients who underwent mitral valve operation, both operative mortality and long-term survival were correlated with the degree of pre-operative PH. Hence, pre-operative pulmonary artery systolic pressure is a powerful predictor of early and late survival after mitral valve operation \[[@R9]\].

Sildenafil, a phosphodiesterase-5 (PDE5) inhibitor, has a relaxant effect on the pulmonary vascular smooth muscle thereby lowering the pulmonary artery pressure and pulmonary vascular resistance in patients with various forms of PH \[[@R9], [@R10]\]. It has a proven clinical efficacy in PAH \[[@R11]\], but has shown discordant results in the field of LHD-PH \[[@R12]-[@R16]\].

In contrast to pediatric patients where there have been reports of significant benefit of pre-operative administration of sildenafil prior to congenital heart disease surgery, there has been little experience with the use of oral sildenafil in adult cardiac surgical patients with PH. Trachte et al reported a beneficial effect of oral sildenafil in patients with PH in the perioperative period. Although they reported a statistically significant effect on mean systemic arterial blood pressure, it was clinically insignificant \[[@R17]\]. There are also reports of its use in the post-operative period. In the setting of VHD, short-term studies have shown favorable effects of the drug in the immediate phases after surgery \[[@R18]\].

In the Sildenafil for Improving Outcomes in Patients With Corrected Valvular Heart Disease and Persistent Pulmonary Hypertension: A Multicenter, Double-Blind, Randomized Clinical Trial (SIOVAC Trial) \[[@R19]\], post-operative administration of sildenafil failed to improve long-term outcomes of patients with residual PH after valvular surgery. Contrary to the expected findings, more patients in the sildenafil group had a worse composite clinical score at the sixth month than at the start of the study (odds ratio for improvement, 0.39; 95% confidence interval (CI), 0.22 - 0.67; P \< 0.001) \[[@R19]\].

However, there were some trials on the potential benefit of pre-operative administration of sildenafil among those with PH from LHD. Three randomized trials demonstrated a significant lowering of the pulmonary pressures intra-operatively. In 2006, Shim et al \[[@R20]\] drew a randomized prospective double-blind study on the effect of oral sildenafil on the pulmonary artery systolic pressure in patients undergoing cardiac surgery where sildenafil produced significant pulmonary vasodilatory effect relative to placebo in anesthetized cardiac surgical patients with PH. This was followed by a 2012 study by Ayyad et al \[[@R21]\] among patients with PH undergoing elective mitral valve replacement. They observed a similar trend of lowering the intra-operative systolic pulmonary artery pressure (sPAP) after immediate pre-operative administration of sildenafil without affecting the other hemodynamic parameters. Administration of sildenafil three times a day 24 h prior to the schedule of surgery also showed significant lowering of the intra-operative pulmonary pressures and decrease in inotrope requirement post-operatively among patients with severe pre-operative PH undergoing mitral valve surgery \[[@R22]\]. These three small trials have shown that pre-operative administration of sildenafil has a significant effect on the intra-operative parameters among these patients.

Since these three trials are suggesting that pre-operative administration of sildenafil has a benefit for patients with PH undergoing valvular heart surgery, we aim to synthesize the available evidence to determine the effect of pre-operative administration of sildenafil on the intra-operative parameters of patients with PH undergoing valvular heart surgery.

Materials and Methods {#s2}
=====================

Research question {#s2a}
-----------------

This study aims to show the effect of pre-operative administration of sildenafil on cardiovascular mortality, intra-operative and post-operative hemodynamic parameters and post-operative outcomes among adult patients with PH undergoing mitral valve surgery.

Objectives {#s2b}
----------

We aim to determine the effect of pre-operative sildenafil on cardiovascular mortality, on intra-operative and post-operative and on the duration of cardiopulmonary bypass and ventilation time among adult patients with PH undergoing mitral valve surgery.

Selection criteria {#s2c}
------------------

Studies were included in the meta-analysis if they satisfied the following inclusion criteria: 1) Randomized controlled trials; 2) Adult patients with PH from left-sided heart disease undergoing mitral valve surgery; and 3) Reported data on cardiovascular mortality, changes in intra-operative and post-operative hemodynamic parameters, and improvement in cardiopulmonary bypass and ventilation times. Studies among pediatric patients, patients with congenital heart disease, patients with pre-operative left and RV dysfunction, those undergoing a concomitant cardiac procedure other than valve surgery, and those with significant pulmonary, hepatic and renal impairment will not be included.

Literature search {#s2d}
-----------------

The two authors of this review independently performed a systematic computer search in the Pubmed, Science Direct, Medline, Clinical Trials, and Cochrane Central Register of Controlled Trials databases for eligible studies (from September to December 2018) using a combination of the following search terms: "sildenafil", "sildenafil citrate", "cardiac surgery", and "pulmonary hypertension". No language, data, or publication restrictions will be imposed.

Data collection and quality assessment {#s2e}
--------------------------------------

The identified studies were evaluated independently by the authors to determine their relevance for full text retrieval. The eligibility of the studies was then assessed by two independent reviewers (DLV and RDA) according to the specified inclusion criteria. Each study that fulfilled the inclusion criteria was assessed of methodological quality using the Cochrane Risk of Bias Tool for Randomized Clinical Trials. Reasons for exclusion were documented. Disagreements were resolved by discussion with a third author. The author/s, year published, study design, population characteristics, sample size, interventions, and outcomes were extracted from each study. Disagreements were again resolved by discussion with the third author.

Data analysis {#s2f}
-------------

Meta-analysis was conducted using the inverse variance random-effects model for continuous outcomes to generate mean differences, 95% CIs, and forest plots. For dichotomous outcomes, we used the Mantel-Haenzel random-effects model to generate risk ratios (RRs), 95% CIs, and forest plots. Heterogeneity was assessed through the Chi-square and I^2^ test. All statistical analyses were carried out using Review Manager (RevMan) version 5.3 (The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen).

Results {#s3}
=======

Output of literature search {#s3a}
---------------------------

Our systematic literature search ([Fig. 1](#F1){ref-type="fig"}) yielded a total of three articles involving 153 patients for inclusion in this review.

![PRISMA flow diagram of study screening and selection. PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses.](cr-10-369-g001){#F1}

The following is the description of the included studies. [Table 1](#T1){ref-type="table"} summarizes the characteristics and details of the included studies \[[@R20]-[@R22]\]. All studies were conducted in different tertiary hospitals. In the study by Ayyad et al \[[@R21]\], the mean age was 32 ± 10.4 years with more women in the placebo group; in the study by Gandhi et al \[[@R22]\], the mean age was 38.79 ± 8.62 years with 50% men; and in the study by Shim et al \[[@R20]\], the mean age was 50 ± 11.5 years with 39% men. Almost all the patients in the three studies underwent elective mitral valve replacement due to either mitral stenosis or mitral regurgitation. However, in the study by Shim et al, there were 11 cases of concomitant aortic valve repair/replacement but it was not statistically different between the two treatment groups. The baseline pre-operative sPAP was measured by transthoracic echocardiography in the three studies. The intra-operative and post-operative hemodynamic parameters were measured via a pulmonary artery catheter. Measurement of these intra-operative variables was done 30 min to 1 h after induction of anesthesia and the post-operative measurement was done 1 h after cardiopulmonary bypass. The surgical technique was standard in the three studies. Two studies reported outcomes on mortality, cardiac bypass time, inotrope requirement, and ventilation time.

###### Summary of Included Studies

  Study title, study design, author, and year of publication                                                                                                                   Population and study design                                                                                                                Intervention                                                                                                         Hemodynamic parameters measured                                                                                                          Other outcomes reported
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------
  Effect of immediate pre-operative oral sildenafil administration for pulmonary hypertension in patients undergoing mitral valve replacement (Ayyad et al, 2012) \[[@R21]\]   Sixty adult patients with mean sPAP 75.3 mm Hg scheduled for elective mitral valve replacement, double-blind randomized controlled trial   Group A: sildenafil 25 - 50 mg (according to weight) given 60 min before induction of anesthesia; group B: placebo   Systemic blood pressure; pre-operative echocardiography; sPAP: pre-, intra-, and post-operative; CVP: pre-, intra-, and post-operative   None
  Effect of pre-operative oral sildenafil on severe pulmonary arterial hypertension in patients undergoing mitral valve replacement (Gandhi et al, 2014) \[[@R22]\]            Forty adult patients with RVSP ≥ 50 mm Hg scheduled for elective mitral valve replacement, double-blind randomized controlled trial        Group A: sildenafil 25 mg given three times a day for 24 h before the surgery; group B: placebo                      Mean arterial pressure, pre-operative echocardiography; sPAP, mPAP, SVR and PVR: pre-, intra-, and post-operative                        Bypass time, cross-clamp time, inotrope requirement post-operative, ventilation time, post-operative recovery stay, mortality
  Effect of oral sildenafil citrate on intra-operative hemodynamics in patients with pulmonary hypertension undergoing valvular heart surgery (Shim et al, 2006) \[[@R20]\]    Fifty-three adult patients with mPAP ≥ 30 mm Hg scheduled for elective valve replacement, double-blind randomized controlled trial         Group A: sildenafil 50 mg given 10 min prior to the surgery; group B: placebo                                        Mean arterial pressure: pre-operative echocardiography, sPAP, mPAP, SVR and PVR: pre-, intra-, and post-operative                        Inotrope requirement post-operative, mortality

sPAP: systolic pulmonary artery pressure; CVP: central venous pressure; RVSP: right ventricular systolic pressure; mPAP: mean pulmonary artery pressure; PVR: pulmonary vascular resistance; SVR: systemic vascular resistance.

Quality assessment of included studies {#s3b}
--------------------------------------

We have included three good quality studies in this study ([Fig. 2](#F2){ref-type="fig"}). All three studies were double-blind randomized controlled trials except for the study by Ayyad et al, which did not report allocation concealment and blinding of the personnel. Only the study by Shim et al mentioned that the outcome assessors were blinded to the outcomes measured. All three studies reported completed data and there were no drop-outs.

![Cochrane risk of bias assessment tool (a), and Cochrane risk of bias assessment summary (b).](cr-10-369-g002){#F2}

Results on the outcome of interest {#s3c}
----------------------------------

### Change in sPAP {#s3c1}

The analysis of the three studies ([Fig. 3](#F3){ref-type="fig"}) showed that pre-operative sildenafil administration significantly decreased the pre-operative systolic pressure by a mean difference of 11.19 mm Hg (95% CI, -20.23 to -2.15; P \< 0.05) during the intra-operative period. There was moderate degree of heterogeneity with an I^2^ value of 62%.

![Forest plot showing the mean difference between pre- and intra-operative sPAP in the sildenafil and placebo groups. sPAP: systolic pulmonary artery pressure.](cr-10-369-g003){#F3}

A similar trend was seen in the analysis ([Fig. 4](#F4){ref-type="fig"}) of the post-operative systolic pressure. It was shown that the significant decrease in the pre-operative sPAP to a lower value in the intra-operative persisted to the post-operative period (after 1 h in the recovery room) with a significant mean difference of 13.67 mm Hg (95% CI, -19.56 to -7.78; P \< 0.05). There was no heterogeneity reported.

![Forest plot showing the mean difference between pre- and post-operative sPAP in the sildenafil and placebo groups. sPAP: systolic pulmonary artery pressure.](cr-10-369-g004){#F4}

### Change in mean pulmonary artery pressure (mPAP) {#s3c2}

Only two studies reported intra-operative mPAP. In the analysis ([Fig. 5](#F5){ref-type="fig"}), there was a non-significant decrease in the pre-operative mPAP (mean difference of 7.41 mm Hg (95% CI, -21.26 to 6.44), P \< 0.05) during the intra-operative period. There was significant heterogeneity with an I^2^ value of 89%.

![Forest plot showing the mean difference between pre- and intra-operative mPAP in the sildenafil and placebo groups. mPAP: mean pulmonary artery pressure.](cr-10-369-g005){#F5}

### Change in pulmonary and systemic vascular resistance (PVR and SVR) {#s3c3}

Both Shim et al \[[@R20]\] and Gandhi et al \[[@R22]\] reported changes in pulmonary and systemic vascular resistance. It was shown that pulmonary vascular resistance ([Fig. 6](#F6){ref-type="fig"}) did not increase during the intra-operative period among those administered with pre-operative sildenafil. Rather, there was a non-significant trend towards a lower pulmonary vascular resistance (mean difference of 8.91 mm Hg (95% CI, -84.02 to 66.21), P \< 0.05) among those who received sildenafil.

![Forest plot showing the mean difference between pre- and intra-operative PVR in the sildenafil and placebo groups. PVR: pulmonary vascular resistance.](cr-10-369-g006){#F6}

Systemic vascular resistance ([Fig. 7](#F7){ref-type="fig"}) was also not significantly affected by pre-operative administration of sildenafil (mean difference of -43.95 mm Hg (95% CI, -264.68 to 176.79), P \< 0.05).

![Forest plot showing the mean difference between pre- and intra-operative SVR in the sildenafil and placebo groups. SVR: operative systemic vascular resistance.](cr-10-369-g007){#F7}

### Change in mean arterial pressure (MAP) {#s3c4}

The mean arterial pressure ([Fig. 8](#F8){ref-type="fig"}) did not significantly decrease during the intra-operative period (1.94 mm Hg (95% CI, -5.49 to 9.37), P \< 0.05), but rather showed a non-significant increase in MAP among those who received pre-operative sildenafil.

![Forest plot showing the mean difference between pre- and intra-operative MAP in the sildenafil and placebo groups. MAP: mean arterial pressure.](cr-10-369-g008){#F8}

### Mortality and post-operative outcomes {#s3c5}

Only two studies reported post-operative outcomes. During weaning from cardiopulmonary bypass, there were more patients in the placebo group requiring inotropic support post-operatively ([Fig. 9](#F9){ref-type="fig"}). Those who received pre-operative sildenafil had a significant lower risk for requiring post-operative inotropic support (RR 0.38 (95% CI, 0.20 - 0.74), P \< 0.004) compared to placebo. No heterogeneity was observed.

![Forest plot showing the pooled risk ratio of pre-operative sildenafil and post-operative inotrope requirement.](cr-10-369-g009){#F9}

The pre-operative administration of sildenafil significantly shortened the ventilation time by 60 min (P \< 0.001) and post-operative intensive care unit (ICU) stay time by 32 min (P \< 0.01) between the two groups as reported by Gandhi et al \[[@R22]\]. In the three studies included, there was only one that reported mortality in the control group.

Discussion {#s4}
==========

Cardiac surgery in patients with VHD and significant PH is often complicated with RV failure with an adverse consequence on its prognosis \[[@R05], [@R06]\]. The right ventricle is susceptible to ischemic injury, as cardiopulmonary bypass exacerbates PH \[[@R07]\]. This necessitates perioperative strategy to manage PH and RV dysfunction. This should be achieved without compromising systemic blood pressure as well as coronary perfusion \[[@R08]\]. Wilkens et al \[[@R23]\] demonstrated that the maximal hemodynamic effects of sildenafil on pulmonary circulation could be achieved with a dose as low as 25 mg. It has a half-life of about 4 h and it is rapidly absorbed via the stomach and its plasma levels peak within 30 - 120 min after ingestion \[[@R24], [@R25]\].

In our study, it was shown that pre-operative sildenafil administration significantly decreased the pre-operative systolic pressure by a mean difference of 11.19 mm Hg (95% CI, -20.23 to -2.15; P \< 0.05) during the intra-operative period and persisting to the post-operative period (after 1 h in the recovery room) with a significant mean difference of 13.67 mm Hg (95% CI, -19.56 to -7.78; P \< 0.05). During RHC, the mPAP is a more accurate measure of the pulmonary artery pressure than the systolic pulmonary pressure. Hence, in future studies, this parameter should be sought rather than the sPAP.

The mPAP (mean difference of 7.41 mm Hg (95% CI, -21.26 to 6.44), P \< 0.05), pulmonary vascular resistance (mean difference of 8.91 mm Hg (95% CI, -84.02 to 66.21), P \< 0.05) and systemic vascular resistance (mean difference of -43.95 mm Hg (95% CI, -264.68 to 176.79), P \< 0.05) were not significantly affected by pre-operative administration of sildenafil. It also prevented a significant rise in pulmonary vascular resistance which is expected after induction of anesthesia during cardiac surgery. This effect was also observed extending into the post-operative period. Although it showed a decreasing trend during intra-operative measurement, they did not achieve statistical significance. Possible reasons for this non-statistical significance are the small sample size in the studies which reported these findings.

More importantly, the mean arterial pressure did not significantly decrease during the intra-operative period (1.94 mm Hg (95% CI, -5.49 to 9.37), P \< 0.05) in contrast to some other studies where hypotension was a reported adverse effect of sildenafil. Sildenafil produced significant pulmonary vasodilatation without any significant systemic effects.

Oral sildenafil is widely used in treatment of patients with erectile dysfunction and shows an excellent cardiovascular safety profile \[[@R25]\]. Sildenafil metabolizes the final messenger, which is cyclic guanosine monophosphate (cGMP), for vascular smooth muscle relaxation \[[@R26]\]. Among the various phosphodiesterases, PDE5 is the predominant type in the normal pulmonary vasculature that may be upregulated after CPB \[[@R27]\]. The inhibition of PDE5 is therefore a logical step to increase the bioavailability of cGMP and support endogenous vasodilation in patient with PH. PDE5 is selectively inhibited by sildenafil, vardenafil, and tadalafil and less selectively by zaprinast and dipyridamole \[[@R28]\].

Only two studies reported post-operative outcomes. During weaning from cardiopulmonary bypass, there were more patients in the placebo group requiring inotropic support and ventilator support post-operatively. Those who received pre-operative sildenafil had a significant lower risk for requiring post-operative inotropic support (RR 0.38 (95% CI, 0.20 to 0.74), P \< 0.004) compared to placebo while significantly shortening the ventilation time by 60 min (P \< 0.001) and post-operative ICU stay time by 32 min (P \< 0.01) between the two groups. Mortality was not significantly different in the two groups.

The strength of this meta-analysis is that the selected patients in the included studies were homogenous. Almost all the patients were scheduled to undergo elective mitral valve replacement with a small number undergoing aortic valve procedure. Another important possible source of heterogeneity is the differences in the time where intra-operative parameters were measured. There was a variation of 30 min to 1 h between these measurements.

Our study has few limitations worth mentioning. First, despite observing significant mean difference between pre- and intra-operative sPAP, we recommend the obtaining of the mPAP during right catheterization as the more accurate measurement. Second, the included studies reported intra-operative parameters as their primary outcomes instead of clinically significant outcomes.

With the evidence presented in this meta-analysis, we therefore propose the use of pre-operative sildenafil as an inexpensive strategy to reduce the intra-operative pulmonary artery pressures among these patients. Further large studies are recommended to increase the evidence's strength on its use.

Conclusions {#s4a}
-----------

Our study has demonstrated that pre-operative administration of sildenafil reduces intra-operative sPAP, reduces need for post-operative inotropic support, and reduces post-operative ventilation time among patients with PH undergoing mitral valve replacement.
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